The nanostructured TiNi-based shape-memory alloys were synthesized by severe plastic deformation (SPD), including high pressure torsion, equal-channel angular pressing, and multi-step SPD deformations (SPD plus cold rolling or drawing). It is found that the SPD processing changed the morphology of the martensite and temperature of martensite transformation. Also, we found that the mechanical and shape memory properties can be enhanced by forming nanostructures in these alloys. SPD processing renders higher strength, higher yield dislocation strength and in results-higher recovery stress (up to 1.5 GPa) and maximum reverse strain (up to 10%) of shape memory, which are desirable in various practical application.
Introduction
Among all shape memory materials, TiNi-based alloys have the highest strength and plastic properties and excellent shape memory effects, as well as high service reliability and excellent mechanic-thermal endurances. [1] [2] [3] In addition, they exhibit good corrosion resistance, and biocompatibility. These good characteristics have made them indispensable and ensured their wide practical applications as an advanced functional material. Our recent studies have shown that SPD processing can be effectively used to synthesize bulk nanostructured TiNi-based alloys with improved physical and mechanical properties. [4] [5] [6] [7] [8] [9] [10] In this paper, we present the processing, microstructures and properties of nanostructured TiNi alloys synthesized by SPD methods, including high pressure torsion (HPT), equal-channel angular pressing (ECAP), and complex combined SPD (ECAP plus cold rolling or drawing).
Experimental Procedures
The starting materials for this investigation were TiNibased alloys prepared from high purity elemental metals (99.99 mass% purity). Three groups of samples were processed by 1) HPT, 2) ECAP, and 3) ECAP + cold rolling, respectively. The HPT processing was carried out in Bridgman anvils at a pressure of 6 GPa with 1, 5, and 10 revolutions of anvils. The second group of samples, in the form of 20 mm in diameter and 100 mm in length rods, were processed by ECAP at different strain values (for 1, 4, 8, 12 passes). The third group of samples were processed by multistep SPD methods-ECAP plus repetitive cold rolling or drawing. The processing details can be found in. [4] [5] [6] [7] [8] X-ray analysis and transmission electron microscopy (TEM), including in-situ heating and cooling experiments, were used to study the structure and phase transformations of the samples. The critical points of martensite transformations were determined from the temperature dependent curves of electrical resistivity (T) and magnetic susceptibility (T). Tensile tests were performed at room temperature.
Results and Discussion
Before SPD processing, the initial quenched alloys had different structures and phase compositions, including Rmartensite ( 
HPT-processed samples
In the as-processed condition after HPT for 5 and 10 revolutions, our results show that all alloys except the stable austenitic Ti 50 Ni 47 Fe 3 alloy became mostly amorphous. The amorphous phase was revealed by wide diffuse maxima in Xray and neutron diffraction patterns, and verified by TEM. Halos were observed near angular positions of structural (above all, near 110 B2 ) and superstructural (100 B2 ) reflections in the selected area electron diffraction (SAED) patterns. Figure 1 shows (a) bright field TEM image and (b) dark field TEM image of Ti 49:4 Ni 50:6 alloy after HPT for 10 revolutions. These images are typical of TiNi alloys processed by HPT in this study. Crystallites with sizes from 0.5 to 5-10 nm are homogeneously distributed in the amorphous matrix.
Systematic investigation also revealed that after one HPT revolution at room temperature, all of the metastable TiNibased alloys investigated here underwent partial amorphization, with as-processed structures consisting mainly of fine equiaxed grains and deformation induced-substructures of the B2-austenite and B19 0 -or B19-martensites. HPT for 5-and 10-revolution at 200 C produced only ultrafinegrained structure with grain sizes in the range of 50-100 nm. HPT revolutions. The (T) curves were recorded during the following cooling and heating sequence: cooling from room temperature to the boiling temperature of liquid nitrogen T N (points 0-1) ! warming to 300 C and cooling to T N (points 1-2-3) ! heating to 500 C (points 3-4) ! cooling to T N (points 4-5) ! heating to 150 C (points 5-6). Annealing the amorphous TiNi alloys produced by HPT at relatively low temperatures in the range of 200-250 C, according TEM data, led to the onset of crystallisation, producing nanograins (point T 1r on Fig. 2 shows the onset temperature of the primary nanocrystallization in this amorphous alloy). According to the (T), TEM and X-ray data, martensite transformation B2$R in the HPT-produced TiNi alloys occurred upon cooling (and heating) only after nanocrystallization, e.g. after heating to 300 C (the inset in Fig. 2 is enlarged hysteresis loop of B2$R martensite transition). Martensite transition B2$R$B19 0 occurred only after final heating up to 500 C and cooling (curves 4-5-6 on Fig. 2) .
Thus, according to our TEM, X-ray, (T) and (T) data, in the amorphous state and when grain size is under 20 nm, there are no martensite transformations. Martensite transformations R$B19 0 take place in nanograins of the size exceeding 50 nm. The temperatures of the B2$R transformation slightly increase (Fig. 3) with the decrease in grain size. The temperatures of the R$B19 0 transformation are greatly reduced with the decrease in grain size (Fig. 3) . Nevertheless, controlled annealing of HPT-processed alloys with the preservation of the nanostructure states allows to regulate the temperature of transformations.
It was found that nanostructured TiNi alloys underwent martensite transformations by a very different structural mechanism by means of the ''single austenite crystal $ single martensite crystal'' scheme, without the formation of twins. It is apparent that quasi-isotropic spatial compensation of elastic stresses was reached by coordinated deformations among a large number of neighbouring nanograins. In addition, each nanograin will generate relatively small elastic stress/strain on its neighbouring grains during its martensite transformation because of its small size. Such a small strain will be easier to accommodate without activating the multiple twins in a grain. In grains larger than 100 nm, martensite transformations are accompanied by the formation of one pack of nanotwinning in a grain. Effect of Severe Plastic Deformation on the Behavior of Ti-Ni Shape Memory Alloys Figure 4 shows typical microstructure of the TiNi-based alloys subjected to ECAP. As shown, ECAP resulted in equiaxed grains with a mean grain size of 200-300 nm. 6) TEM and X-ray diffraction studies have shown, that the TiNibased alloys processed by ECAP and annealed at 300-600 C undergo two-step B2$R$B19 0 martensite transformations. ECAP of Ti 49:4 Ni 50:6 led to a twofold increase in its tensile strength in comparison with the annealed state (Fig. 5) . The increase in the number of ECAP passes leads to strength enhancement due to the formation of a more refined structure (Fig. 5) . ECAP of Ti 49:4 Ni 50:6 alloy led to a increase in its maximum reverse strain (up to 10%).
ECAP-processing

Multi-step SPD processing
Further deforming of ECAP-processed TiNi by cold rolling will develop finer nanocrystalline-grained structures.
Deformation by 90% resulted in formation of amorphous phase, inside which nanocrystals were distributed homogeneously [ Fig. 6(a) ]. Annealing at various temperatures leads to recrystallization with the formation of nanograins of various sizes [see Fig. 6(b) ]. Cold rolling of ECAP Ti 49:4 Ni 50:6 alloy led to an additional increase in its tensile strength (Fig. 5) . Our results show that subsequent repetitive cold rolling (or drawing) and annealing after ECAP makes it possible to produce nanostructured TiNi wires or sheet products. Depending on the choice of the final treatment, the structure of these alloys may have high level of elastic distortions and defects or a partial or complete recovery. Using the multi-step SPD processing, we have increased the recovery stress of shape memory in the TiNi alloys to 1.5 GPa and reversible strain to 10%, which are very desirable in various practical applications.
Conclusions
(1) In TiNi-based shape memory alloys homogeneous nanostructured states can be obtained by severe plastic deformation methods, including high pressure torsion, equal-channel angular pressing, and multi-step SPD deformation (ECAP plus cold rolling or drawing). (2) The nanostructured TiNi-alloys exhibited very high strength and good ductility, and also high recovery stress (up to 1.5 GPa) and maximum reverse strain (up to 10%) of shape memory, which are desirable in various practical applications. It is expected that stable nanostructures produced by SPD will significantly improve the cyclic endurance of shape memory and pseudoelasticity in these alloys. (1) (2) Effect of Severe Plastic Deformation on the Behavior of Ti-Ni Shape Memory Alloys
